Abstract
Introduction 22
The evolutionary dynamics of sensory gene families are of fundamental interest as a 23 model for how molecular evolutionary processes can shape the content and structure of genomes 24 and for their ability to characterize the life history and ecological traits of organisms. 25
Vomeronasal type-1 receptor genes (V1Rs) comprise one such gene family and have been the 26 subject of increasing interest in both the molecular genetics (e.g., Adipietro et al. 2012) and 27 evolutionary genetics (e.g., Yohe and Brand 2018) shown that differential expression of vomeronasal and olfactory receptor genes, including V1Rs, 51
is associated with assortative mating in a pair of house mouse subspecies (Loire et al. 2017) and 52 is likely reinforcing the subspecies along their hybrid zone. 53
The V1R gene family has experienced many duplications and losses in the evolutionary 54 history of mammals, and the availability of duplicate copies can allow for divergence among 55 sequences, gene expression, and ultimately function (e.g. Lynch 
and Conery 2000; Des Marais 56
and Rausher 2008). Though not directly addressed in this study, it is worth noting that changes in 57 gene expression often occur rapidly after gene duplication events (Makova and Li 2003 ; Keller 58 and Yi 2014; Guschanski et al. 2017 ) and are often accompanied by shifts in rates of molecular 59 evolution (Chen et al. 2010; Yang and Gaut 2011) . Although the mechanisms that explain 60 variable rates of molecular evolution, specifically the nonsynonymous to synonymous 61 substitution rate ratio (dN/dS), are complex, there is some interdependence on expression levels 62 Fu et al. 2015) . 67
Here, we present a comparative genomic study of V1R evolution within the lemuriform 68 primates, primarily focusing on the mouse lemurs of Madagascar (genus Microcebus). Mouse 69 lemurs are perhaps the most species-rich clade of living primates (Hotaling et al. 2016) , and are 70 well-known for high levels of interspecific genetic divergence though with nearly uniform 71 morphological phenotypes. They have thus come to be regarded as a classic example of a 72 cryptic species radiation, perhaps related to their nocturnal lifestyle ). Mouse 73 lemurs, and the closely-related dwarf lemurs, have elaborate olfactory communication behaviors 74 that are associated with adaptive strategies such as predator recognition (Sündermann et al. 75 2008), fecundity (Drea 2015) , and even biased sex ratios (Perret 1996; Perret and Colas 1997) . 76
V1Rs take on particular interest in mouse lemurs as we hypothesize that their observed role in 77 both speciation and in the maintenance of species boundaries within Mus may also apply to this 78 speciose clade of primates (Smadja et al. 2015; Loire et al. 2017 ). We hypothesize that among 79 primates, mouse lemurs will show signatures of sensory drive via genomic elaboration of the 80 V1R complex and evidence of positive selection acting on V1R genes. 81
There are numerous lines of evidence to lead us to this hypothesis: 1) Previous studies 82 have indicated that V1Rs within the lemuriform clade have evolved under pervasive positive 83 selection 5/13/19 2:41:00 PM, 2) that the majority of gene copies are intact ; 84
Larsen et al. 2014), and 3) that the differential expression of a large number of vomeronasal 85 receptors in both the VNO and main olfactory epithelium of mouse lemurs are associated with 86 different behaviors and chemical signals (Hohenbrink et al. 2014 ). In fact, along with murids, 87 opossums, and platypus, mouse lemurs have been reported to have among the largest V1R 88 repertoires found in mammals These efforts have doubled the number of publicly available genomes for the Strepsirrhini with a 149 specific focus on the dwarf and mouse lemur clade. Excluding C. medius, the seven genomes 150 were sequenced to an average depth of coverage between 26x and 45x with scaffold N50s of 17-151 Table S1 ). The C. medius reference genome was assembled using Dovetail 152
76kb (Supplementary
Genomics to an average depth of coverage of 110x and a scaffold N50 of approximately 50Mb 153 (Williams et al. 2019 ). We evaluated assembly completeness using the Benchmarking Universal 154
Single-Copy Orthologs tool, BUSCO (Simão et al. 2015) , which assesses genomes for the 155 presence of complete near-universal single-copy orthologs (Supplementary Figure S1) opportunity for illuminating patterns of V1R gene family evolution but also promotes greater 164 understanding of the molecular evolution of primate and strepsirrhine-specific genomes. Genome 165 resequencing of M. murinus individuals has allowed investigation of intraspecific V1R copy 166 number variation as well as questions regarding microevolutionary processes and gene family 167 evolution (Park et al. 2011) . 168
The monophyletic genus Microcebus contains 24 named species (Hotaling et al. 2016) , 169
and our results clearly demonstrate that the clade has a uniquely complex V1R repertoire 170 compared to other primates thus far characterized ( Figure 1A Table 1 ). The common 178 ancestor of mouse lemurs is not associated with novel subfamily birth though the diversity and 179 number of V1R gene copies is striking ( Figure 1A ; Table 1 ). Although genomes generated 180 exclusively from short-read data are vulnerable to collapsing loci in assemblies (Larsen et al. 181 2014), our inference of increased V1R retention in M. murinus relative to non-cheirogaleid 182 primates was robust to assembly strategies and data sources (Supplementary Table S2 ). Further, 183 the resequenced M. murinus individuals reveal low intraspecific variation in copy number 184 (Figure 2) , suggesting that the observed differences in repertoire size between mouse lemurs and 185 other non-nocturnal lemurs is not an artifact of individual sampling or assembly error (Figure 3) . 186
The expansion dynamics of V1Rs within Cheirogaleidae do not support a simple linear 187 correlation between species richness and repertoire size. Although all cheirogaleid repertoires 188 had full primate subfamily membership, there was variation in subfamily proportions between 189 species, which is consistent with our hypothesis that species-specific V1R repertoires and 
Tarsius) species have repertoires with low percentages of intact receptors (<37% intact). Within 225
Lemuroidae, the diurnal lemurs also have small and pseudogenized repertoires (26% to 49% 226 intact) containing only 22-27 intact V1Rs. In contrast, among nocturnal species excluding aye-227 aye, we observe intact repertoires between 58% to 66% within Cheirogaleidae, and 61% for the 228 nocturnal lorisiform Otolemur garnetti. 229
These comparisons do not, however, provide definitive evidence that expanded V1R 230 repertoires in primates are strictly associated with nocturnal life history (Wang et al. 2010 ; 231 hypothesis that a nocturnal life history alone is sufficient for explaining V1R elaboration in 236 mouse lemurs. Though it is true that both aye-aye and tarsier have more V1R copies than the 237 diurnal primates compared here, they also show a high proportion of putative pseudogenes and 238 an absence of some V1R subfamilies found in Cheirogaleidae ( Figure 1A and B). an independent V1R expansion isolated to Cheirogaleidae with three subfamily gains rather than 242 a single more ancient expansion followed by losses in diurnal lineages (Table 1) . Although the 243 gain and loss dynamics of V1Rs over time is complex with uncertainty in the origins of specific 244 subfamilies, variation in subfamily membership among species suggests that nocturnal primates 245 possess more diverse repertoires than their diurnal counterparts ( Figure 1A and B). These results 246 are suggestive of an association between nocturnal life histories and V1R repertoire evolution, as 247 well as the importance of chemosensation generally among nocturnal primates. Our findings are 248 not conclusive, however, as the pattern observed in aye-aye deviates from this expectation, 249 though it must be noted that the quality of the aye-aye genome assembly is considerably poorer 250 than the others compared with the lowest contig/scaffold N50 and most incomplete BUSCO 251 results (Supplementary Figure S1and Table S1 ). An improved genome for aye-aye, a notably 252 Cheirogaleidae, but the aye-aye repertoire also contains members from subfamily IX thus, 287 subfamily IX is the only subfamily exclusive to nocturnal strepsirrhines, despite its absence in 288
Moriya
Otolemur garnetti ( Figure 1A and B) . 289 290
Copy number variation in intraspecific Microcebus murinus repertoires 291 292
We resequenced eight M. murinus individuals of known pedigree from the colony at the 293 Duke Lemur Center in Durham, North Carolina. Using these genomes, we estimated 294 intraspecific variation in V1R repertoire size (Figure 2 ). For the eight resequenced M. murinus 295 individuals, we observed low levels of intraspecific V1R repertoire size variation relative to size 296 variation between taxonomic families with individual repertoires ranging from 86 to 105 intact 297 V1R loci. Though one might expect that levels of intraspecific variation in V1R repertoire size in 298 a captive population may be reduced relative to wild populations of M. murinus, the colony at the 299 Duke Lemur Center shows signs of admixture from two distinct evolutionary lineages, M. 300 murinus and M. ganzhorni (Larsen et al., 2017) , presently recognized as distinct species 301 (Hotaling et al., 2016) . Therefore, the intraspecific variation observed here may actually be 302 exaggerated, rather than reduced, which increases our confidence in the robustness of repertoire 303 size estimates among species through sampling of single individuals. To test for the potentially 304 confounding effects of sequencing and assembly error, one individual, DLC7033, was sequenced 305 twice as a technical replicate. The duplicate genome assemblies respectively contained 92 or 96 306 intact loci indicating that sequencing and assembly error likely play a measurable role in 307 generating variation among observed repertoire counts, though the effect appears to be modest. 308
Thus, taking the results of the pedigree analysis as largely accurate, this emphasizes the highly 309 dynamic nature of V1R repertoire size evolution, even over generational timescales. 310 311
Complex history of diversifying positive selection in the dwarf and mouse lemurs 312
Our results agree with previous studies in finding that selection has acted pervasively 313 across the V1R gene family over time (Hohenbrink et. al. 2012 ). Pervasive positive selection was 314 revealed for all subfamilies identified in this study, even when analyzing the genus Microcebus 315 alone (Supplementary Tables S4 and S5) identified here simply as loops three and five respectively, is evident (Supplementary Figure S5) . Figure S7 ). We find that mouse lemur V1Rs primarily cluster by subfamily at chromosomal 380 locations across the genome as is also characteristic of the V1R repertoire in mouse. Only mouse 381 lemur subfamily VIII does not form a cluster but is instead uniquely dispersed across three 382 different chromosomes (Figure 6 ). We also analyzed the locations of all regions demonstrating 383 Interestingly, when comparing all mammalian species examined, our results reveal that in 404 each species, one chromosome contains a very dense block of highly homologous subfamilies on 405 a backbone of mouse chromosome 7 synteny, referred to here as "V1R hotspots" (Figure 7B) . 406
These hotspots usually contain receptors of the EF/III, D/IV, JK/V, and Strep/G subfamilies, and 407
cluster order is maintained with a few species-specific subfamily deletions. The chromosomal 408 synteny of the "hotspots" is rarely interrupted, and if interrupted, it is almost exclusively 409 interrupted by a stretch of synteny from another mouse chromosome containing V1Rs. These 410 interleaving regions in hotspots are usually chromosome 13 or 17, indicating that genomic 411 regions where V1Rs cluster are also subject to increased gene duplication rates. Interestingly, the 412 only putative intact members of the contracted human V1R repertoire are also contained within 413 this "hotspot" location and share homology with hotspot subfamilies. 
Conclusions 431
We revealed that an expansion of the V1R gene family is shared across the dwarf and 432 mouse lemurs, and that duplicate V1R gene copies have been evolving under strong selective 433 pressures. Divergent patterns of molecular evolution among V1R subfamilies and diversity in 434 subfamily membership and abundance suggests that V1Rs may serve as a test case for studying 435 the evolution of sensory drive in primates. Pheromone detection among nocturnal primates, 436 especially the morphologically cryptic mouse lemurs, may be more important for driving and 437 maintaining species boundaries than previously appreciated. Syntenic analyses with improved 438 genomic resources revealed strikingly similar genetic architecture between the expanded V1R 439 repertoires of mouse and mouse lemur, and that some V1R subfamilies have been maintained in 440 Table S1 ) as well as annotation details 475 (Supplementary Table S14 ) and SRA identifiers (Supplementary Table S15) . 476
The eight Microcebus murinus individuals were resequenced from high molecular weight 477 DNA prepared using the 10X Genomics Chromium platform. Briefly, high-molecular weight 478 Table S16) . 491
492

V1R repertoire estimation and ancestral count reconstruction 493
To assess total V1R repertoires in each species, tblastn searches (e-value cut-off = 0.001) 494
were conducted with the blast+ software suite (version ncbi-blast-2.6.0+; Altschul et al. 1990 ) 495 using available mouse and mouse lemur V1R query protein sequences downloaded from NCBI 496
GenBank against the genomes analyzed in this study (Camacho et al. 2009 ). Duplicate protein 497 sequences were removed from the query database using CD-HIT version 4.6 (Li and Godzik 498 2006). Bedtools merge (version 2.27.1) was used to merge overlapping hits within a genome, and 499 bedtools slop and getFasta were used to extract receptor candidate regions longer than 600bp 500 with 50 bp of upstream and downstream surrounding sequence (Quinlan and Hall 2010) . For a 501 full list of V1R containing regions analyzed see Supplementary File X). 502
To remove potential pseudogenes from further analyses, we used Geneious version 9.0.5 503 to predict open reading frames (ORFs) and considered sequences intact if they contained an ORF 504 longer than 801bp. We then used MAFFT version 7.187 with the E-INS-i algorithm to align 505 intact sequences from all species using the iterative approach described in Yoder 2014 (Katoh 506 and Standley 2013; ). The MAFFT algorithm is recommended for approaches 507 analyzing ancestral sequence reconstruction (Vialle et al. 2018) . A gene phylogeny was 508 constructed using RAxML version 7.2.8 using the GTRGAMMAI nucleotide model with the 509 rapid bootstrapping and search for best ML scoring tree algorithm with 500 bootstraps 510 Of important note, the entire V1R repertoire was prohibitively large for ML optimization 558 over the entire tree; we applied tests for selection to individual subfamilies to circumvent this 559 limitation. This strategy also provided a way to evaluate contributions of alignment and 560 topological errors to evidence of positive selection. First, we evaluated if the ML topology 561 estimated from the entire repertoire was a plausible hypothesis using AU tests (Shimodaira 562 2004) . First, we estimated the ML topology and branch lengths for each subfamily using the 563 parsed alignments (i.e. the data was not re-aligned) using the same RAxML model and search 564 strategy as the first analysis. We then re-aligned translated amino acid data with MAFFT and 565 estimated phylogeny once more. Site log-likelihoods were then optimized for the three 566 topologies with RAxML and AU p-values computed with CONSEL using the default multiscale 567 bootstrapping strategy (Shimodaira and Hasegawa 2001) . Bootstrap trees were also collected for 568 the re-aligned data, but bipartitions were drawn onto the topologies parsed from the entire V1R 569 repertoire tree. The ratio of bootstrap support values was used to identify potential topological 570 errors; bipartitions in the original topology that are absent when the sequences for each 571 subfamily were re-aligned. Site tests were run for both the parsed and re-aligned data to check 572 for consistency in the inference of sites under positive selection across alignments. 
Data Access 586
Newly sequenced genome data will be made available through NCBI upon publication. 587
Complete record information is given in Supplementary Material (Supplementary Table S15) . 588
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